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ABSTRACT 22 Propionic, sorbic and benzoic acids are organic weak acids that are widely used as food 23 preservatives, where they play a critical role in preventing microbial growth. In this study, we 24 uncovered new mechanisms of weak acid resistance in moulds. By screening a library of 401 25 transcription-factor deletion strains in Aspergillus fumigatus for sorbic acid hypersensitivity, 26 a previously uncharacterised transcription factor was identified, and named as WasA (Weak 27 Acid Sensitive A). The orthologous gene in the spoilage mould Aspergillus niger was identified 28 and deleted. WasA was required for resistance to a range of weak acids, including sorbic, 29 propionic and benzoic acids. A transcriptomic analysis was performed to characterise genes 30 regulated by WasA during sorbic acid treatment in A. niger. Several genes were significantly 31 upregulated in the wild type compared with a ΔwasA mutant, including genes encoding 32 putative weak acid detoxification enzymes and transporter proteins. Among these was 33 An14g03570, a putative ABC-type transporter which we found to be required for weak acid 34 resistance in A. niger. We also show that An14g03570 is a functional homologue of the 35 Saccharomyces cerevisiae protein Pdr12p. Lastly, resistance to sorbic acid was found to be 36 highly heterogeneous within genetically-uniform populations of ungerminated A. niger 37 conidia, and we demonstrate that An14g03570 is a determinant of this heteroresistance. This 38 study has identified novel mechanisms of weak acid resistance in A. niger which could help to 39 inform and improve future food spoilage prevention strategies. 40 41 IMPORTANCE 42 Weak acids are widely used as food preservatives, as they are very effective at preventing 43 growth of most species of bacteria and fungi. However, some species of moulds can survive 44 and grow in the concentrations of weak acid employed in food and drink products, thereby 45 causing spoilage with resultant risks for food security and health. Current knowledge of weak 46 acid resistance mechanisms in these fungi is limited, especially in comparison to that in yeasts. 47 We characterised gene functions in the spoilage mould species Aspergillus niger which are 48 important for survival and growth in the presence of weak acid preservatives. Such 49 identification of weak acid resistance mechanisms in spoilage moulds will help to design new 50 strategies to reduce food spoilage in the future. Microbiological spoilage of food and drinks is a serious threat to food security and human 55 health. It is estimated that 25% of global food produced annually is lost due to contamination 56 and degradation by microorganisms (1) . Such spoilage also directly imperils human health, for 57 example due to the production of toxins by the microorganism. Preventing microbial spoilage 58 is therefore a key to safeguarding food supply and safety. The use of chemical food 59 preservatives to inhibit growth of bacteria and fungi is a ubiquitous and generally effective 60 strategy in reducing spoilage (2). Some of the most commonly used preservatives are weak 61 organic acids such as propionic, sorbic and benzoic acids. These are usually included in food 62 and drink products in the form of calcium, potassium and sodium salts, respectively. 63 Weak acid preservatives are broad-spectrum antimicrobials that directly inhibit the 64 growth of yeasts, moulds and bacteria. Although their precise mechanism of action has not 65 yet been fully determined, it is known that weak acid preservatives cause a reduction of 66 cytoplasmic pH (3, 4), and inhibit nutrient uptake (5, 6) . It is also known that weak acids tend 67 to be fungistatic rather than fungicidal, especially at the levels legally permitted in food and 68 drinks. In most cases, microbial growth is completely inhibited by the weak acids levels used 69 in food and drink products. However, certain species of yeasts and moulds demonstrate 70 elevated resistance to weak acids, and are therefore capable of causing food spoilage (7, 8). 71 Weak acid resistance can be attributed in part to the enzymatic degradation of certain 72 acids (e.g., benzoic, sorbic and cinnamic acids), which nullifies their antimicrobial effects. 73 Benzoate can be catabolized through a pathway involving an initial hydroxylation step. The 74 enzyme responsible (benzoate para-hydroxylase) has been found to be required for 75 resistance to benzoic acid in Aspergillus niger and A. nidulans (9, 10). Sorbic and cinnamic 76 acids (and certain other structurally related acids) are degraded by decarboxylation (11). In 77 moulds such as A. niger, a cluster of three genes is required for this process, encoding a 78 transcription factor (SdrA), a 4-hydroxybenzoate decarboxylase (OhbA1) and a phenylacrylic 79 acid decarboxylase (PadA1) (12-14). Deletion of any of these genes reduces, but does not 80 eliminate, resistance to sorbic acid. Thus, additional and as-yet uncharacterized mechanisms 81 of weak acid resistance must operate in this mould species. Enzymatic decarboxylation of 82 weak acids also occurs in numerous yeast species (15). However, contrary to the case in 83 moulds, deletion of the phenylacrylic acid decarboxylase gene (PAD1) in the yeast S. cerevisiae 84 does not decrease weak acid resistance (15). Furthermore, certain spoilage yeasts do not 85 appear to decarboxylate weak acids at all, suggesting that alternative mechanisms of 86 resistance also operate in these species. 87 Mechanisms of weak acid resistance have been best characterized in S. cerevisiae. One 88 of the key genes required for resistance is PDR12, encoding an ATP-Binding Cassette (ABC) 89 transporter (16). PDR12 is required for resistance to carboxylic acids with chain lengths 90 between 1 and 7, proposedly by mediating the efflux of weak acid anions from the cell in an 91 energy-dependent manner (17). PDR12 is itself transcriptionally regulated by War1p, a 92 Zn2Cys6 zinc finger transcription factor that binds to weak acid response elements (WARE) in 93 the PDR12 promoter (18). Another transcription factor, Haa1p, is also required for resistance 94 to weak acids in S. cerevisiae, by regulating the transcription of membrane multidrug 95 transporters (Tpo2p and Tpo3p) amongst other, less well characterized genes (19). High-96 throughput mutant screens have helped to identify many other genes which influence weak 97 acid resistance in S. cerevisiae. For example, Mollapour et al. (20) reported 237 genes which 98 were required for wild-type resistance to sorbic acid, and a further 34 which resulted in 99 enhanced sorbic acid resistance when deleted. A similar study, also in S. cerevisiae, revealed 100 6 650 determinants of acetic acid resistance (21). Unfortunately, there is a distinct lack of 101 equivalent data in any other fungal species, including moulds. Considering the propensity of 102 mould fungi to cause food spoilage, understanding the genetic determinants of weak acid 103 resistance in these species is very important. 104 An additional and historically-overlooked determinant of antimicrobial resistance is 105 the phenotypic heterogeneity that exists within microbial cell populations. Phenotypic In this study, we report the identification and characterization of a novel transcription 118 factor (Weak Acid Sensitive A), that is required for resistance to weak acid preservatives in A. A screen for transcription-factor deletion strains sensitive to sorbic acid identifies 129 wasA. To find genes associated with weak acid resistance, an Aspergillus fumigatus 130 transcription-factor deletant collection (28) was screened for sorbic acid sensitivity. This 131 resource comprised a library of 401 deletion strains of non-essential transcription factors. To 132 determine sensitivity of the deletion strains, radial growth was compared on agar medium 133 with and without sorbic acid ( Fig. 1 ). This revealed two deletion strains which were highly 134 sensitive to sorbic acid compared with the wild-type strain (ΔmetR, and ΔAFUB_000960) ( Fig.   135 1 and Fig. 2A ). A number of other strains exhibited moderate sensitivity to sorbic acid, 136 including ΔcreA (ΔAFUB_027530), ΔdevA (ΔAFUB_030440) ( Fig. 1B and Fig. 2A ), ΔrfeD 137 (ΔAFUB_022280), ΔAFUB_020350 and ΔAFUB_054360 ( Fig. 1B) . 138 MetR is a bZIP-type transcription factor mediating transcriptional regulation of genes 139 involved in sulphur uptake and utilization (29). Because sorbic acid is known to decrease 140 cellular uptake of some nutrients (6, 30), it was hypothesised that sulphur limitation could be 141 a cause of sorbic acid sensitivity in the ΔmetR deletion strain. To test this, sorbic acid 142 sensitivity of the ΔmetR strain was determined in medium supplemented with the sulphur-143 containing amino acid methionine. This showed that the sorbic acid sensitivity of the ΔmetR 144 strain was abolished in the presence of supplementary methionine ( Fig. S1 ).
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AFUB_000960 encodes a Zn2Cys6-type transcription factor which contains a fungal 146 specific transcription factor domain (PF11951). To further investigate the role of 147 AFUB_000960 in weak acid resistance, sensitivity of the deletion strain to a range of weak 148 acids was evaluated (Fig. 2B ). The ΔAFUB_000960 strain was sensitive to propionic, butanoic, 149 pentanoic, hexanoic, sorbic and benzoic acids. Because of these phenotypes, AFUB_000960 150 was named Weak Acid Sensitive A (wasA). Aspergillus niger is highly resistant to weak acids (especially sorbic and benzoic acids), 160 and can readily cause food and drink spoilage. To determine whether wasA is also required 161 for weak acid resistance in A. niger, An08g08340 was deleted by a targeted gene replacement 162 approach, with successful deletion confirmed by PCR and Southern Blotting (Fig. S2 ). 163 Sensitivity of the ΔAn08g08340 deletion strain to different weak acids was evaluated ( Fig. 3 ). 164 In contrast to the ΔwasA deletant of A. fumigatus, the A. niger ΔAn08g08340 strain 165 demonstrated only slight sensitivity to sorbic acid, which was most apparent when individual 166 conidia of the ΔwasA strain were spread onto medium containing sorbic acid ( Fig. S3A ). 167 However, the deletant was highly sensitive to propionic, butanoic and benzoic acids as 168 evaluated by radial growth on agar ( Fig. 3 ). Determination of Minimum Inhibitory 169 Concentrations (MIC) in broth also corroborated the radial growth data; the MIC in benzoic 170 acid was 4.5 ± 0.5 mM in the wild type (WT; n=3), compared with 3.2 ± 0.2 mM in ΔwasA 171 (n=3). The MIC in butanoic acid was 8.6 ± 0 mM in the WT (n=2), and 6.9 ± 0.3 mM in ΔwasA 172 (n=3). Resistance was restored to WT levels when An08g08340 was reintroduced into the 173 ΔAn08g08340 strain ( Fig. S4 ). Thus, An08g08340 has an important role in weak acid resistance 174 in A. niger, and was named as wasA (Weak Acid Sensitive A) also in this species. 175 Sorbic acid (and structurally related acids) are known to be detoxified by 176 decarboxylation in A. niger, but not in A. fumigatus (12, 13). The decarboxylation process 177 involves three linked genes: ohbA1, padA1 and sdrA (13). OhbA1 is the key enzyme involved 178 in the decarboxylation, whereas sdrA is a transcription factor regulating expression of OhbA 179 and padA1 synthesizes a cofactor for OhbA. It was hypothesized that mild sorbic acid 180 sensitivity of A. niger ΔwasA may be due to downregulation of ohbA1, padA1 or sdrA genes 181 in the ΔwasA strain. To investigate the relationship between WasA and weak acid 182 decarboxylation, a ΔΔohbA1/wasA mutant was constructed. The ΔΔohbA1/wasA strain was 183 more sensitive to sorbic acid than the ΔohbA1 strain ( Fig. S3B ), suggesting an OhbA1-184 independent role for wasA in resistance of A. niger to sorbic acid. differentially expressed during germination in the presence of sorbic acid (1885 upregulated, 197 1,557 down regulated), in comparison with germination without sorbic acid. Importantly, a 198 number of genes were identified that were highly upregulated in the WT during sorbic acid 199 exposure, but not in ΔwasA (Table 1 and Table S1 ). This included a gene encoding benzoate Table 1 ). The protein also shares significant sequence similarity with Tpo2 and 226 Tpo3, S. cerevisiae proteins involved in resistance to acetic, propionic and benzoic acids (19).
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An14g03570 encodes an ABC-type transporter with similarity to the weak acid detoxification 228 protein Pdr12p in S. cerevisiae, as stated above. Both genes were deleted in A. niger by a 229 targeted gene replacement approach, and mutant genotypes confirmed by PCR and Southern 230 blotting ( Fig. S5 ). Sensitivity of the constructed deletion strains to weak acids was then 231 evaluated. The ΔAn02g09970 mutant did not exhibit altered sensitivity to any of the weak 232 acids tested ( Fig. 5 ). However, the ΔAn14g03570 mutant was more sensitive to sorbic, 233 pentanoic and benzoic acids ( Fig. 5 and Table 2) , and resistance was restored to WT levels 234 when An14g03570 was reintroduced into the ΔAn14g03570 strain ( Fig. S6 ). 7ΔAn14g03570 235 Complementation of S. cerevisiae Δpdr12 strain with An14g03570. The above results 236 showed that An14g03570 is required for resistance of A. niger to certain weak acids. Because 237 An14g03570 has significant protein sequence similarity with S. cerevisiae Pdr12p (36% 238 sequence identity, 56% similarity), it was hypothesized that these proteins could be functional into a S. cerevisiae Δpdr12 deletion strain. Transformants were tested for sensitivity to a range 244 of weak acids. As hypothesized, An14g03570 could indeed functionally complement PDR12: 245 sensitivity of the Δpdr12 strain to weak acids was largely rescued in cells transformed to 246 express An14g03570 (Fig. 6) . The resultant level of resistance was similar to that evident in 247 Δpdr12 cells expressing PDR12 from the same vector backbone.
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An14g03570 is a determinant of heteroresistance to sorbic acid in A. niger conidia. 250 Resistance to weak acid preservatives has been found to be heterogeneous between 251 individual cells of genetically-uniform cell populations of the yeasts Zygosaccharomyces bailii 252 and S. cerevisiae (8, 25, 26) . We observed a similar phenomenon in populations of A. niger 253 conidia, whereby small subpopulations were capable of germinating and forming colonies at 254 high concentrations (>4 mM) of sorbic acid (Fig. 7A ). Conidia harvested from colonies that 255 grew on these high concentrations of sorbic acid did not retain increased resistance upon 256 direct re-inoculation to sorbic acid-containing medium (data not shown), suggesting that 257 these were transient, non-heritable phenotypes, i.e., not due to genotypic variants within the 258 population. To test whether this heteroresistance had its origin in the ungerminated conidial 259 state, conidia were also pre-germinated for 6 hr, before spread plating onto sorbic acid-260 containing medium. This showed that germinated conidia were much more susceptible to 261 sorbic acid (Fig. 7A ). Moreover, resistance to sorbic acid among pre-germinated conidia was 262 much more homogeneous than when the resistance-assay commenced with ungerminated 263 conidia, as evidenced by the gradients of the dose inhibition curves: such dose response 264 curves reflect heterogeneity, with shallower curves indicating greater heterogeneity (22, 31) . This study reports the discovery of novel factors determining weak acid resistance in moulds. 276 By screening >400 transcription factor deletion strains in A. fumigatus, we discovered a 277 previously uncharacterized transcription factor that is required for resistance to certain weak 278 organic acids. This transcription factor, here named Weak Acid Sensitive A (wasA) was also 279 found to be present in the food spoilage mould A. niger, where it also plays an important role 280 in weak acid resistance. However, WasA appears to mediate resistance to different weak acids 281 in A. fumigatus and A. niger. In A. fumigatus, the ΔwasA strain is particularly sensitive to 282 linear-chain acids 3-6 carbons in length, whereas in A. niger the ΔwasA strain is most sensitive 283 to propionic, butanoic and benzoic acids, but exhibited less sensitivity to 5 and 6 carbon acids. 284 Such differences in acid sensitivity may reflect differences in the WasA regulon between A. 285 niger and A. fumigatus, or the divergence in gene function within the WasA regulon. 286 We sought to gain insight to the WasA regulon in A. niger by conducting a comparative 287 transcriptomics experiment between germinating WT and ΔwasA conidia treated with sorbic 288 acid. This approach identified several genes that appear to be regulated (either directly or 289 indirectly) by WasA. These include a number of putative enzymes and transporter proteins, 290 offering several candidates for future studies of weak acid resistance mechanisms in A. niger. 291 Amongst these candidates, we attempted to characterize two putative transporter-protein 292 genes. The first of these functions, An02g09970, is a transporter of the Major Facilitator 293 Superfamily, with sequence similarity to Tpo2p and Tpo3p in S. cerevisiae. Tpo2p and Tpo3p 294 are transporters of the DHA1 (Drug:H+ antiporter-1) family and are known to be required for 295 resistance to acetic, propionic and benzoic acids (19). However, deletion of An02g09970 did 296 not sensitize A. niger to any of the acids tested, and so the role of this gene remains unknown. 297 It is possible that this transporter is responsible for detoxification of other xenobiotics not 298 tested here (if indeed it has a role in detoxification at all), or that An02g09970 is functionally 299 redundant with other A. niger genes. We also attempted to characterize An14g03570, 300 encoding an ABC-type transporter. Deletion of An14g03570 resulted in increased sensitivity 301 to pentanoic, hexanoic, sorbic and benzoic acids, substantiating a role for this protein in weak 302 acid resistance. Importantly, we were able to demonstrate that An14g03570 is a functional between transcriptomic responses to different weak acids, as also found in S. cerevisiae (32). 318 Thus, although we characterized the WasA regulon by comparative transcriptomics in 319 response only to sorbic acid in the present study, it is likely that many of the differentially 320 expressed genes would be similarly regulated in response to other weak acids. There may be 321 relevant consensus sequences within WasA-regulated genes, although these are not apparent 322 from promoter sequence alignments we have carried out. In S. cerevisiae, a cis-acting weak 323 acid response element (WARE) was discovered in the promoter of PDR12 which is required 324 for PDR12 induction by the transcription factor War1p (18). 325 The regulation of WasA itself is also an outstanding question. Recent evidence in S. 326 cerevisiae suggests that weak acid anions bind directly to the transcription factors War1p and 327 Haa1p, thereby regulating their DNA-binding transcriptional activation (33). However, WasA 328 shares very little sequence homology with either War1p or Haa1p. In fact, a BLAST search of 329 the S. cerevisiae protein database with the WasA protein sequence yields no hits at all. 330 Nevertheless, a similar mechanism of transcription factor activation cannot be ruled out for 331 WasA, particularly as direct ligand binding has been established for a number of Zn2Cys6 Bottles were incubated statically at 28°C for 28 days, and the concentration of acids required 401 to completely inhibit visible growth recorded. 402 Dose response curves were generated by harvesting conidia as stated above, diluting 403 to 500 spores ml -1 and spreading 200 μl of this onto YEPD agar (pH 4) containing sorbic acid. 404 Plates were incubated at 28°C for up to 28 days and colonies counted. For pre-germinated 405 conidia, conidia were first inoculated into 10 ml of YEPD/Tween 80 (6.66 ml YEPD/3.33 ml 0.1 406 % Tween 80) to a final concentration of 500 spores ml -1 and incubated statically at 28°C for 6 407 hr, before spread plating and incubation as above. as input material for the NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina®. 425 Following 15 cycles of amplification the libraries were purified using Ampure XP beads. Each 426 library was quantified using Qubit and the size distribution assessed using the Bioanalyzer. 427 These final libraries were pooled in equimolar amounts using the Qubit and Bioanalyzer data. 428 The quantity was assessed using a Qubit® dsDNA HS Assay Kit, while the quality and average 429 fragment size was assessed using the High Sensitivity DNA Kit on the Agilent Bioanalyzer. The 430 RNA libraries were sequenced on an Illumina® HiSeq 4000 platform with version 1 chemistry 431 using sequencing by synthesis (SBS) technology to generate 2 x 150 bp paired-end reads. 432 Initial processing and quality assessment of the sequence data was performed as follows. 433 Briefly, base calling and de-multiplexing of indexed reads was performed by CASAVA version Table S2 . 
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For complementation of A. niger gene-deletion strains, the genes in question (wasA 473 and An14g03570) were amplified by PCR (primers listed in Table S2 ) and cloned into the SbfI 474 site of the pAN7.1BAR plasmid (Fig. S8) 
